The use of external-beam radiotherapy (EBRT) in differentiated thyroid cancer (DTC) is debated because of a lack of prospective clinical data, but recent retrospective studies have reported benefits in selected patients. The Endocrine Surgery Committee of the American Head and Neck Society provides 4 recommendations regarding EBRT for locoregional control in DTC, based on review of literature and expert opinion of the authors. (1) EBRT is recommended for patients with gross residual or unresectable locoregional disease, except for patients <45 years old with limited gross disease that is radioactive iodine (RAI)-avid. (2) EBRT should not be routinely used as adjuvant therapy after complete resection of gross disease. (3) After complete resection, EBRT may be considered in select patients >45 years old with high likelihood of microscopic residual disease and low likelihood of responding to RAI. (4) Cervical lymph node involvement alone should not be an indication for adjuvant EBRT.
INTRODUCTION
The role of external-beam radiotherapy (EBRT) in differentiated thyroid cancer (DTC) is debated because of a lack of prospective clinical data, as well as inhomogeneity and conflicting results in the existing retrospective data. It is optimally used in a small subset of patients with thyroid cancer with aggressive locoregional disease. A single randomized prospective trial in Germany failed to recruit adequate patients and only 26 received EBRT. 1 However, a mounting number of retrospective studies have been reported, including several recent studies showing significant benefit for EBRT in select patients. [2] [3] [4] The Endocrine Surgery Committee of the American Head and Neck Society (AHNS) here provides recommendations regarding the use of EBRT for locoregional control in DTC, based on review of the literature and expert opinion of the authors.
The goal of EBRT in DTC is to optimize locoregional control while limiting treatment toxicity. For most patients with DTC, surgery and radioactive iodine (RAI) are effective in achieving locoregional control. However, in cases in which surgery or RAI are less effective, EBRT may be recommended. The intent of treatment with EBRT is generally categorized as definitive (for curative treatment of gross disease), adjuvant (for treatment of presumed residual disease after surgery), or palliative (for symptom control). However, in DTC, these categories are often blurred, as patients with unresectable disease or distant metastases may still have a fair overall prognosis, and they may suffer consequences of uncontrolled disease in the central neck. 5 For patients with distant metastases, the importance of locoregional control should be weighed against the overall prognosis and the potential toxicities of EBRT. For example, some patients with RAI-avid lung metastases and residual or unresectable neck disease may be recommended neck EBRT with doses of 60 to 70 Gy, whereas other patients with uncontrolled non-RAI-avid lung metastases and symptomatic neck disease may be recommended palliative neck EBRT with lower doses. We will focus our discussion on EBRT applications using 60 to 70 Gy, but for patients with poor prognosis, lower palliative doses may be recommended.
The risk of locoregional recurrence or progression in DTC is related to many well-described clinicopathologic risk factors. These include older age (45 years old), unfavorable histology (poorly differentiated, tall cell, columnar, insular, Hurthle cell), low RAI uptake, and locally invasive disease. 6, 7 Recent data suggests that stage T4a disease (by American Joint Committee on Cancer 7th edition) with gross extrathyroidal extension is strongly associated with risk of locoregional recurrence, whereas stage T3b disease with minimal extrathyroidal extension is not significantly associated with locoregional recurrence. 8, 9 Nixon et al 10 reported that microscopic extrathyroidal extension alone (pathologic T3b) was not a negative prognostic factor in patients with clinical stage T1 or T2 DTC who underwent thyroidectomy. The presence of gross residual disease or positive margins after thyroidectomy, however, significantly increases the risk of recurrence or progression. 11, 12 There is clearly a very high risk of locoregional recurrence in cases in which the tumor is shaved off the recurrent laryngeal nerve, trachea, or larynx, presumably leaving residual microscopic disease. 13 Finally, if a patient is undergoing revision surgery for recurrent disease, he or she is at risk for additional recurrences in the future.
In this report, we will describe the data supporting the use of EBRT in patients with gross residual or unresectable disease. We will also consider the use of EBRT as adjuvant therapy in select patients after complete resection of gross disease, specifically in older patients with high likelihood of microscopic residual disease and low likelihood of responding to RAI. To identify which patients fall into these categories, we will also summarize the surgical and RAI considerations regarding locally invasive disease.
MATERIALS AND METHODS
A writing group was convened by the Endocrine Surgery Committee of the AHNS, and this group met in person and by telephone and email to determine the scope of the topic and outline relevant subtopics. The group decided to focus on EBRT directed to the neck for papillary, follicular, or Hurthle cell carcinomas. We therefore did not address EBRT for palliation of distant metastases, or for treatment of anaplastic, poorly differentiated, or medullary thyroid cancers. However, there is a spectrum of well to poorly differentiated thyroid cancers, and most of the relevant studies included patients with refractory or RAI-resistant cancers that are presumably less welldifferentiated. A PubMed search was conducted to identify literature from the years 2000 to 2014 using the following terms: differentiated thyroid cancer, papillary thyroid carcinoma, follicular thyroid carcinoma, Hurthle cell carcinoma, external-beam radiation, radiotherapy, local control, (loco)regional control, extrathyroidal extension, and nodal metastases. Key articles published before the year 2000 were selectively included. Current guidelines of the American Thyroid Association (ATA) and AHNS were reviewed and referenced, and additional recommendations were developed by the writing group to address areas where existing guidelines were unclear. The first draft was written over the course of 6 months, then revised by the writing group and submitted to the AHNS Endocrine Surgery Committee for further feedback. After endorsement by the Endocrine Surgery Committee, it was submitted to the AHNS Quality of Care Committee and the AHNS governing council who reviewed and endorsed it in its current form.
RECOMMENDATIONS Gross residual or unresectable disease
Recommendation #1: EBRT is recommended for patients with gross residual or unresectable locoregional disease, except for patients <45 years old with limited gross disease that is RAI-avid.
Locally invasive thyroid cancer may involve the strap muscles, recurrent laryngeal nerve, trachea, larynx, esophagus, or major vessels. 13 With careful preoperative evaluation and planning, most cases of invasive disease can be resected without gross residual disease, but there will inevitably be some cases of unresectable disease or gross residual disease not amenable to further resection. 13 This occurs more frequently in the setting of recurrent disease. In addition, there are also some patients unwilling to undergo aggressive aerodigestive tract surgery with sacrifice of function or who have medical comorbidities making surgery unwise. In these patients, it is important to decide the intent of treatment upfront (definitive vs palliative), as the likelihood of locoregional control with EBRT is related to dose, but toxicities also increase with dose.
14 In general, the use of intensitymodulated radiotherapy (IMRT) with doses >60 Gy results in higher likelihood of long-term control. 2, 15 Many retrospective studies show evidence of long-term locoregional control with the use of EBRT in patients with gross residual or unresectable DTC. 3, 12, [16] [17] [18] [19] [20] In a large Hong Kong study, patients with papillary thyroid cancer with gross residual disease (n 5 217) had 10-year locoregional recurrence-free survival of 63% with EBRT compared to 24% without EBRT (p < .001). 3 At Memorial Sloan Kettering Cancer Center, 66 patients with gross nonanaplastic nonmedullary thyroid cancer were treated with EBRT, resulting in 3-year local progression-free survival of 73% without concurrent chemotherapy and 90% with concurrent chemotherapy (although the effect of adding chemotherapy was greatest in patients with poorly differentiated histology). 17, 18 At Princess Margaret Cancer Centre, the 5-year local recurrence-free rate was 62% in 33 patients with gross DTC who received EBRT. 16 Finally, Schwartz et al 12 reported that, of a cohort of 15 patients with gross DTC treated at MD Anderson with EBRT, 3 had a partial response and 4 had a sustained complete response. A phase II clinical trial is currently open at Memorial Sloan Kettering Cancer Center for patients with gross recurrent or unresectable nonanaplastic thyroid cancer, combining EBRT to 70 Gy with low-dose adriamycin (NCT01882816).
In young patients (<45 years old) with limited gross residual disease that is RAI-avid, EBRT is usually not recommended. These patients have lower risk for locoregional progression and, in the setting of small-volume disease, RAI alone may achieve excellent control. 5, 21, 22 Furthermore, EBRT carries a small additional risk of late toxicities or second malignancy. The risk of radiationinduced malignancy after RAI or EBRT is generally low but it increases with longer elapsed time after treatment and with younger age of irradiation. [23] [24] [25] Although RAI alone is not often successful in treatment of cervical nodal metastases measuring >1 cm, such nodal metastases are usually amenable to neck dissection. 21 
Microscopic residual disease after complete resection
Recommendation #2: EBRT should not be routinely used as adjuvant therapy after complete resection of gross disease.
The use of adjuvant EBRT after complete resection of invasive DTC is highly debated, with no routine indications and varying opinions and practices at different institutions. For each patient, there are multiple surgical and pathologic factors contributing to the risk of microscopic residual disease, and there are several treatment options that impact long-term locoregional control, including RAI, EBRT, and further surgery. Therefore, we strongly recommend multidisciplinary discussion of each of these cases. To this end, we will first summarize the surgical and RAI considerations regarding adjuvant therapy for DTC, specifically focusing on the risk of microscopic residual disease and the likelihood of responding to RAI. We will then consider the specific data and recommendations regarding adjuvant EBRT.
Surgical considerations regarding adjuvant therapy for differentiated thyroid cancer
Surgical considerations regarding locally invasive DTC have been recently summarized in an AHNS consensus statement by Shindo et al. 13 Briefly, as noted above, invasive thyroid cancer may involve the strap muscles, recurrent laryngeal nerve, and/or trachea; less commonly, it may involve the larynx, esophagus, or major vessels. Although most cases of invasive disease can be resected without gross residual disease, a significant number will have microscopic residual disease. In general, tumors with anterior extension to the strap muscles are considered resectable with minimal morbidity and without need for reconstruction. Tumors with posterior extension can be more challenging. The recurrent laryngeal nerve (RLN) may be sacrificed if it is encased by tumor and there is preoperative ipsilateral vocal fold paresis. 26 However, if there is ipsilateral function, the tumor may be shaved off to spare the RLN as long as all gross disease is removed; in this case, there is risk of microscopic residual disease. 27 If a short segment of the trachea is involved with minimal cartilage invasion, a tracheal shave excision is considered appropriate, but circumferential sleeve resection may be indicated for more significant cartilage invasion or intraluminal invasion. 11, 28 After tracheal shave excision, there is a high risk of microscopic residual disease. In the setting of esophageal or laryngeal involvement, there are similar considerations regarding microscopic disease after limited resection of involved esophageal muscularis or shave excision of the larynx. In cases in which the jugular vein is involved by extensive nodal extracapsular spread, the vein may be excised without reconstruction when the contralateral vein is patent, but there may again be risk of microscopic disease in the neck. 29 In summary, there is a higher likelihood of microscopic residual disease in cases in which the tumor is shaved off the RLN, trachea, or larynx, or if a limited resection of esophageal muscularis or sacrifice of the jugular vein is required. These scenarios may occur in the setting of gross extrathyroidal extension, gross extracapsular spread, or revision surgery for persistent or recurrent disease. When margin status can be assessed pathologically, there is often a positive margin in these settings, which is a marker of microscopic residual disease. 4 However, in order to assess a patient's likelihood of microscopic disease, it is important for the radiation oncologist to communicate directly with the surgeon to correlate pathologic findings with operative findings. This is also critical for radiation treatment planning, as the pathology report often cannot convey the exact location of the most invasive disease.
Considerations regarding adjuvant radioactive iodine therapy for differentiated thyroid cancer
Considerations regarding the use of adjuvant RAI for DTC are well-described and summarized in the updated ATA guidelines. 30 Briefly, iodine is taken up by thyroid epithelial cells and well-differentiated thyroid cancer cells, so the beta emitter 131 I is an effective targeted radiopharmaceutical for DTC. RAI therapy can be used after primary surgery for ablation of the normal thyroid remnant (50-75 mCi), for adjuvant therapy for risk of microscopic disease (100-150 mCi), or for therapy of macroscopic disease (high doses, often repeated). 21, 22 In several studies, adjuvant RAI has been shown to decrease recurrence rates in DTC. 21 ,22,31-33 Tuttle et al 22 showed that, even when post-RAI whole body scans showed residual small-volume disease in the neck, thyroid-stimulating hormone-stimulated RAI resulted in 70% locoregional control with a median of 2.7 years of follow-up. 22 Furthermore, RAI after primary surgery may also improve overall survival in patients with intermediate to high-risk features. 33, 34 Therefore, after primary surgery, consideration for RAI therapy is currently recommended by the ATA for patients with stage T2 to T4 or N1 or M1 disease. 30 RAI therapy is inherently limited by the avidity of thyroid cancer cells for iodine. Therefore, the likelihood of responding to RAI is significantly decreased in patients with unfavorable histology (poorly differentiated, tall cell, columnar, insular, and Hurthle cell carcinoma), 6 older age, recurrent disease (especially after prior RAI), or low RAI uptake on whole body scan in a patient with known residual disease. 35 In addition, high fluorodeoxyglucose (FDG) uptake on FDG-positron emission tomography (PET) scan also correlates with poor RAI avidity and efficacy. 36 In patients with rising thyroglobulin but negative RAI scans, FDG-PET is 98% effective in detecting recurrent disease, and FDG-avid lesions do not respond to RAI therapy. [36] [37] [38] Notably, patients with unfavorable histology still show benefit of RAI, so it is usually indicated for these patients even if they receive adjuvant EBRT. and low likelihood of responding to RAI. This scenario may occur in the setting of gross extrathyroidal extension or with revision surgery for persistent or recurrent disease.
In older patients who have undergone complete resection but have high likelihood of microscopic residual disease and low likelihood of responding to RAI, adjuvant treatment with EBRT may be considered. There are several recent studies that support the use of adjuvant EBRT in these select patients. [2] [3] [4] 40, 41 In a Korean study of 68 patients who underwent shave excision of a thyroid tumor off the trachea, EBRT significantly decreased locoregional recurrence from 51% to 8% (p < .01). 4 Chow et al 3 showed that patients with resected stage pT4a papillary thyroid cancer (n 5 131) had better 10-year local failure-free survival after EBRT plus RAI (88%) compared to RAI alone (72%) or EBRT alone (60%), similar to previous studies by Farahati et al 40 and Kim et al. 42 Those patients with stage pT4a disease seemed to derive more benefit from EBRT than those with stage pT3b, as expected. In addition, patients with positive margins also had improved local failure-free survival after EBRT plus RAI (90%) compared to RAI alone (80%) or EBRT alone (57%). 3 The combination of EBRT plus RAI will be discussed further below. A recent update from Princess Margaret Cancer Centre showed significantly higher 10-year cause-specific survival and local relapse-free survival in patients >60 years old with extrathyroidal extension and no gross residual disease who received EBRT (n 5 70). 2 Notably, this did not hold true for all patients >45 years old, but the number of patients was small and patients with microscopic extrathyroidal extension (pT3b) were included. 2 For younger patients, especially those <45 years old, EBRT is usually not recommended after complete resection, as these patients have a lower risk of locoregional recurrence, and RAI and/or further surgery are likely to achieve long-term control. As noted above, there is also increased concern in younger patients regarding the risk of late toxicities and second malignancies.
Recommendation #4: Cervical lymph node involvement alone should not be an indication for adjuvant externalbeam radiotherapy.
After complete resection of DTC, patients with cervical nodal metastases have a risk of microscopic residual nodal disease. However, as noted above, adjuvant RAI is usually quite effective at clearing microscopic residual disease in the nodes. 21, 22 In addition, recurrences of DTC in the nodes are more easily salvaged (with neck dissection) than recurrences in the thyroid bed. Therefore, after complete resection, cervical lymph node involvement alone should not be an indication for EBRT, but EBRT may be considered if there is extensive extracapsular spread with high risk of microscopic residual disease.
Radiotherapy technique and toxicities
EBRT target volumes and doses are custom-designed for each patient according to their risks for local and regional recurrence. The pattern of lymphatic spread in thyroid cancers is different than other head and neck cancers, with the first echelon of nodal drainage to level VI, then levels III, IV, and II. 43 Typically, there is not involvement of level I or retropharyngeal nodes except in the setting of recurrence. The recommended therapeutic doses of EBRT for DTC are similar to other head and neck cancers (Table 1 ). These cumulative doses are 66 to 70 Gy for gross disease or areas of positive margin or shave excision, approximately 60 Gy for high-risk microscopic disease areas (including the thyroid bed, tracheoesophageal groove, and level VI), and approximately 54 Gy for low-risk microscopic disease areas (including uninvolved levels II-V and VII). 44 We recommend a fraction size of 2 Gy per fraction or less, given the potential toxicities of larger fractions to the larynx and esophagus. The use of IMRT is recommended in order to achieve these different targeted dose levels and to spare the normal tissues, and image guidance is recommended when available to improve setup accuracy. 12, 18 Given the option of salvage neck dissection for DTC, some expert radiation oncologists now consider limiting EBRT volumes to gross disease and high-risk microscopic disease areas within the central neck in some cases (sparing low-risk nodal areas), which may help limit toxicities of treatment. 45 Toxicities of neck EBRT include common acute toxicities and uncommon chronic/late toxicities. The acute toxicities include mucositis (grade 3 in about 20%), dermatitis (grade 3 in 12%), dysphagia (grade 3 in 17%), and hoarseness. 17 Some patients will require short-term enteral feeding support via percutaneous gastrostomy or nasogastric tube, but with IMRT only about 5% will require long-term gastrostomy tube for dysphagia. 17, 18 Other chronic toxicities may include neck fibrosis, chronic laryngeal edema (in about 3%), and esophageal or tracheal stenosis (in about 2%). 12, 18 Stenosis requiring esophageal or tracheal dilatation was found to be less frequent after IMRT compared to 3D conformal radiotherapy. 12 
Combination of external-beam radiotherapy with other therapies
The combination of EBRT and RAI often generates confusion because of the lack of evidence regarding when and how these therapies should be combined. In general, the indications for RAI are summarized by the ATA and are considered separately from EBRT. After primary surgery, consideration for RAI therapy is currently recommended for patients with stage T2 to T4 or N1 or M1 disease. 30 RAI is also frequently recommended for Approximate cumulative doses are shown, with recommended fraction size of 2 Gy per fraction or less. 44 It is reasonable to consider limiting EBRT volumes to gross disease and highrisk microscopic disease areas within the central neck in some cases (sparing low-risk areas areas). 45 patients with recurrent or metastatic disease. As noted above, EBRT is more likely to be considered in patients with a lower chance of responding to RAI, such as those with unfavorable histology, older age, recurrent disease, high FDG uptake, and/or low RAI uptake in known residual disease. 35 There is no consensus regarding the optimal sequence of EBRT and RAI, but this may depend on the volume of gross residual disease and the likelihood of RAI response. In many cases, the presence of bulky gross disease and/or low likelihood of responding to RAI would favor scheduling EBRT first. 30 The combination of EBRT with other systemic therapies is also a consideration as new therapies emerge for thyroid cancer. Several targeted kinase inhibitors have recently shown efficacy for RAI-refractory thyroid cancer including lenvatinib, sorafenib, pazopanib, and BRAF inhibitors. [46] [47] [48] [49] In particular, lenvatinib recently demonstrated progression-free survival of 18 months in this population and received Food and Drug Administration approval in 2015. 46 However, common toxicities of kinase inhibitors may overlap with EBRT toxicities, including fatigue, decreased appetite, weight loss, nausea, stomatitis, and rash. There is also concern for potential serious adverse effects of these drugs. For these reasons, we recommend that EBRT at this time should only be used in combination with kinase inhibitors for thyroid cancer in the setting of clinical trials. In the future, molecular testing for genetic alterations, such as mutations in BRAF or the telomerase reverse transcriptase promoter or translocations with anaplastic lymphoma kinase, may allow for more personalized assessment of recurrence risk and selection of targeted therapies, RAI and/or EBRT. [50] [51] [52] Several recent publications show promise for using other focal therapies such as radiofrequency ablation or percutaneous ethanol injection for locoregional recurrence of DTC. [53] [54] [55] [56] [57] [58] In addition, high-intensity focused ultrasound has been used for ablation of benign thyroid nodules and may have potential for use in DTC. 59, 60 However, these techniques are outside the scope of this article and should only be used as an alternative to EBRT in highly selected cases.
CONCLUSION
EBRT is a valuable treatment modality for improving locoregional control in patients with invasive DTC who may not achieve locoregional control with surgery and/or RAI. This includes patients with unresectable or gross residual disease, except for younger patients with limited gross disease that is RAI-avid. It also may include select older patients who have undergone complete resection but have high likelihood of microscopic residual disease and low likelihood of response to RAI. There is higher likelihood of microscopic residual disease in cases in which the tumor is shaved off the RLN, trachea, or larynx, which may occur in the setting of gross extrathyroidal extension or revision surgery for persistent or recurrent disease. Positive margins are also a marker for microscopic residual disease. There is lower likelihood of response to RAI in patients with unfavorable histology, older age, recurrent disease, low RAI uptake on whole body scan, or high FDG uptake on PET scan. Given the lack of clear indications for EBRT after complete resection, we recommend multidisciplinary discussion of these cases.
